Three novel and two commercially available low-cost point-of-use (PoU) water treatment technologies were comparatively evaluated using a specialized comparison framework targeted at them. The comparison results and specialized framework have been discussed. The PoU systems were evaluated principally in terms of performance, flow rate and cost per volume of water treated (quantitatively), ease of use, potential acceptability and material availability (qualitatively) with main focus on rural and suburban settings. The three novel systems assessed were developed in an ongoing research project aimed at developing a multibarrier low-cost PoU water treatment system.
INTRODUCTION
Provision of safe drinking water in developing countries can be best achieved by avoiding sophistication in technological design. Simplicity and reliability must be the keywords in the minds of designers and implementers of low-cost drinking water technologies (Ellis ) . Although point-ofuse (PoU) water treatment is not a replacement for formal provision of safe drinking water, it serves as a valuable interim measure for reducing the risk of waterborne diseases for about 660 million people with no access to improved supplies (WHO ). When the absence of fecal contamination is considered, the population in need of safer water increases to 1.9 billion (WHO ). According to the World Health Organization (WHO ), to realize health gains, PoU technologies must produce microbiologically safe drinking water and be correctly and consistently utilized.
Furthermore, the systems must be able to produce aesthetically acceptable drinking water so that users do not opt for aesthetically better alternatives that may be unsafe (Hammer & Hammer ; CAWST ; WHO a).
Safe drinking water is a significant problem in many poor communities due to widespread poverty and vulnerability levels. Boiling is often used in such settings and can be efficient at the elimination of waterborne pathogens.
However, boiled water is not aesthetically acceptable to most people and is susceptible to recontamination due to unsafe handling and storage (Jagals et Most available low-cost systems may not be well designed and produced and may, therefore, be unable to give excellent sustainable performance. Comparative evaluation (quantitatively and qualitatively) of PoU systems is, therefore, necessary to ascertain the most apt system to use in a specific situation.
Three novel and two commercially available low-cost PoU water treatment systems were compared by means of a comparison framework developed specifically for them.
The three novel systems assessed were developed by the authors in ongoing research aimed at developing and optimizing a low-cost multibarrier water treatment system. The three novel and two commercially available systems were assessed both quantitatively and qualitatively using the developed comparison framework. Bacterial diseases, e.g. acute gastroenteritis, cholera, diarrhea, dysentery, typhoid, etc. cause far more health problems than viruses or chemicals as a result of drinking untreated water (WHO/UNICEF ;
McAllister ). Therefore, bacterial removal was afforded high priority in the evaluation criteria. Special attention was given to the application of the comparative framework in evaluating low-cost filtration technologies. This is because the evaluated PoU technologies were mainly filtration-based.
The two evaluated commercial PoU systems were the gift of water filter system (GWS) and drip filter system (DFS) manufactured in the USA and South Africa, respectively, and previously researched by the authors (Siwila & Brink a) . The three novel systems evaluated in this study were: (i) the modified intermittently operated slow sand filtration system (ISSFGeoGAC) incorporating geotextile and granular activated carbon (GAC) for removal of bacteria, particles, color, taste, odor and selected heavy metals (Siwila & Brink b) , (ii) the eight-layer four-pot sequential bidim filtration system using bidim geotextile (BidimSEQFIL) for removal of bacteria and particles (Siwila & Brink c) , and (iii) the wood filtration system combined with GAC (WFSGAC) for removal of bacteria, color, taste, odor, particles and heavy metals (Siwila & Brink d) . These filtration technologies were developed and tested as a contribution to research on affordable PoU water treatment systems appropriate to poor communities producing water with a high degree of acceptability.
It is hoped that the developed comparative framework presented here will support the WHO PoU evaluation scheme and promote the adoption of novel PoU technologies. It is further envisaged that such an exercise may bring out new research insights. That is, researchers and implementers may be encouraged to carry out studies aimed at optimizing novel technologies, e.g. in terms of pollutants of interest, ease of use, maintenance requirements, etc.
For instance, based on a preliminary evaluation using various published literature (Graham & Siwila & Brink (b) showed that the novel technology is expected to perform better than the traditional ISSF systems.
Meanwhile, the initial literature review showed that ISSF systems, particularly the institutional scale (CAWST & SPC ), still need further improvement in terms of cleaning frequency and removal of other contaminants such as metals, color, taste and odor. GAC was, therefore, added to improve contaminant removal (Siwila & Brink b) .
Geotextile filter mats were placed on the sand surface to minimize the cleaning frequency whereby the filter mats are to be cleaned instead of the traditional sand removal scraping or 'swirl and dump' (surface agitation and stirring) cleaning techniques (CAWST ; Singer et al.
).
The traditional cleaning methods are somewhat tedious and tend to render the technology less acceptable to users. This is further worsened by inconsistencies in producing water free of color, taste and odor as well as significant reduction in bacterial removals after cleaning (Singer et al. ) .
Therefore, in this study, a specialized comparison framework for low-cost PoU water treatment systems was developed and used to evaluate five low-cost PoU systems.
Although particular emphasis was placed on the elimination of bacteria, improvement of the acceptability aspects of water was also given high priority so that users do not opt for water that seems more acceptable but is contaminated.
MATERIALS AND METHODS

Design considerations and evaluation criteria
A thorough review of published literature was done and showed that there is currently no documented standard on design and suitability of low-cost PoU systems based on quantitative specifications. The quality of many low-cost PoU technologies relies primarily on the materials used and the fabricator's skill. There is a gray area in which scientific and engineering judgement must be employed to determine the level to which a PoU technology is suitable. (1) effectiveness (the quality and quantity of the water that can be treated), (2) appropriateness (availability, time for treatment, work involved and estimated life span of the technology), (3) acceptability (the ease of use and the acceptability of the users or user perception and buy-in), (4) cost to user (capital/initial costs, maintenance and ongoing costs), and (5) Most suggested criteria were scattered with no provided definitions and systematic guidance for technology evaluation.
; WHO ).
In addition, most of the proposed criteria were generalized Virtually no need for maintenance not necessarily focused on low-cost systems. The criteria adapted and proposed in this study were chosen to be suited specifically to low-cost systems.
Therefore, this study is aimed towards the provision of necessary detailed guidance (Figure 1 ), definitions (Table 2) , a background compilation of criteria suggestions by various authors (Table 1) , quantitative comparisons (Table 4) , qualitative comparisons (Table 5 ) and a decision matrix ( ( Table 3 ). According to WHO (), priority PoU technologies selected for evaluation are those that are: (1) low cost; (2) appropriate for low-income communities; (3) generally 'free-standing' and do not require being plumbed in; and (4) only treat sufficient water to serve a small number of users a day, for households or small settings such as schools, health care centers, etc. The Water, Sanitation, Hygiene and Health Unit of WHO coordinates the scheme. The unit (WHO ) (1) reviews and assigns testing laboratories, (2) develops testing procedures and report formats, (3) manages PoU technology testing, (4) reviews test results and (5) conveys PoU evaluations results to Member States.
Suggested test organisms for the specialized comparison framework
Although the WHO evaluation scheme recommends testing three classes of pathogens in water (bacteria, virus and protozoa) for microbial safety (Table 3) , only fecal indicator bacteria (Escherichia coli and fecal coliforms) were used in this study.
E. coli and to some degree fecal coliforms are accepted to best meet the criteria for an ideal fecal contamination indicator (Ashbolt et al. ; Cabral ; Fewtrell & Bartram ) .
The presence of these signals indicates that pathogens are present, and the water can, therefore, be regarded as being unsafe. In resource-limited situations, water that is of reasonable quality (0-10 CFU/100 ml E. coli levels) and 
Comparison framework evaluation procedure
Highlighted in Figure 1 are the key steps of the specialized comparison framework evaluation procedure. Screening is done to identify the low-cost PoU water technologies to be evaluated in Step 1. This is essentially based on availability, user needs and engineer/implementer interests.
Data needs are defined, and the quality of available data is assessed (
Step 2). In
Step 3, if data are unavailable then adequate testing of the novel technology should be done. If data are available, comprehensive review and analysis should be done followed by quantitative and qualitative performance assessment of each PoU technology (Tables 4 and 5 ). WHO drinking water guidelines and local potable water standards can be used in assessing the safety of water. In
Step 4, technologies meeting potable water standards are noted and respective scores for each evaluation criteria are defined ( Table 2 ). The criteria in Table 2 have been ranked in order of most critical to least critical.
In
Step 5, a decision matrix is generated. Criteria scores are then categorized as being least favorable (bad) to most favorable (excellent) ( Tables 5 and 6 ).
Weighting factors are assigned to each criteria based on a three-point scale (Table 6) . Each technology is then assessed and scored using a five-point scale (Table 6 ).
The sum of the unweighted and weighted scores of each technology is then calculated using Equations (1) and (2) respectively. In
Step 6, the technologies are comparatively ranked and compared from the most favorable to the least favorable using the weighted scores ( Figure 6 ).
Step 7 essentially involves discussing and reporting the evaluation findings in terms of features such as design, contaminant removal effectiveness, raw material availability, social acceptability, technical needs, etc.
Conclusions and recommendations are then made on whether the novel low-cost technology can be adopted as it is or needs further improvement.
where δuw ¼ sum of unweighted criteria scores; δw ¼ sum of weighted scores; β ¼ weighting factor; γ1 … γn ¼ respective criteria scores; γk ¼ score for the kth criteria;
k indexes the n-criteria.
RESULTS AND DISCUSSION
Description and analysis of the five point-of-use technologies
The individual PoU technologies which were evaluated are briefly discussed below in terms of system description, application, advantages, disadvantages, etc. The qualitative and quantitative comparative performance for each system is presented in Tables 4 and 5 . For more information on each system, the reader is referred to the respective cited work.
Modified intermittently operated slow sand filtration or 'swirl and dump' in ordinary ISSF systems (Graham & Mbwette ) . GAC has been included to supplement adsorption capacity and allow removal of other contaminants, e.g., arsenic (As), cadmium (Cd), lead (Pb), mercury (Hg), iron (Fe) and manganese (Mn) (Siwila & Brink b) . The system has been designed to include the mentioned materials, to enhance performance so that the system is expected to improve water quality with respect to bacteria, acceptability aspects (turbidity, color, taste and odor) and the said heavy metals, thus increasing health benefits and filter run times, while minimizing the cleaning frequency. indicator bacteria. The combined system can also significantly remove heavy metals: Fe, Pb, nickel (Ni), aluminium (Al) and zinc (Zn) above 90%, and copper (Cu), As, chromium (Cr), Cd and Mn above 50%.
Advantages
(i) Made from small easily replaceable wood pieces, (ii) locally available, (iii) easy to fabricate, (iv) wood is a renewable material, (iii) significant bacterial and particle removals, (iv) significant improvement in treated water's acceptability aspects, (iv) added benefit of heavy metal removal.
Limitations
(i) Relatively laborious to operate and maintain, (ii) low flow rates, (iii) user training on how to correctly cut, preserve and fix the wood pieces is necessary, (iv) potential of introducing harmful substances into the water especially if the GAC malfunctions.
Drip filter system
Distributed under the name DrinC, the DFS (Figure 5(a) ) is a low-cost, ceramic candle filter system. The filter is normally wedged between two 20 L buckets and has a 0.2 μm, silverimpregnated ceramic shell-containing activated carbon (DrinC ). The treated water gets disinfected through contact with silver. The ceramic candle is sometimes covered with a filter sock to trap some particles and larger debris (e.g. leaves and insects) from the raw water. Particles and debris are removed, followed by microbes down to 0.2 μm as water flows through the system. Raw water from the top bucket drips through the ceramic candle into the bottom bucket, fitted with a tap for drawing drinking water. According to DrinC (), the candle filter must be replaced after 1 year's use. It is advisable to shake it every 3 months to dislodge debris and prolong its life and ensure that the carbon stays loose. Furthermore, the activated carbon lasts for about 6-8 months. The system flow rate can be up to 318.24 L/day when the system is new, but it falls over time (Siwila & Brink a) . The DFS costs around 
Comparison and evaluation of the PoU technologies
This section gives a comparative analysis of each system based on the comparison framework. Although the comparative analysis of the drinking water technologies shows that none can totally remove all pollutants (Table 4) , they can all improve drinking water security in many parts of the world. It is necessary to appreciate that most PoU technologies are normally not meant for removal of chemicals (Siwila & Brink a) . This may not be ideal everywhere but there is enough room for improvement particularly on the three novel technologies.
Removal of indicator bacteria
All of the five evaluated PoU technologies can remove over 96% of E. coli and fecal coliforms from water (Table 4 as well as some regional needs or situational analysis.
Improvement of acceptability aspects of water
Another important consideration in evaluating the performance of PoU drinking water systems is the ability to improve the acceptability aspects of water (suspended solids, turbidity, color, odor and taste). Heavy metal removal Table 4 shows that ISSFGoeGAC, WFSGAC and DFS can appreciably remove heavy metals. Although heavy metal removal may still be enhanced, it is an added benefit and may make the PoUs more feasible in many places. It is perceived that due to the presence of GAC, the GWS is likewise able to remove heavy metals. BidimSEQFIL may not remove metals due to its material combination. Generally, heavy metal removal without the inclusion of advanced processes or adsorption materials, e.g. GAC, is difficult for most low-cost methods.
Flow rates
With the exception of the WFSGAC, all the evaluated technologies can treat water >240 L/day (Table 4) 
Quantitative and qualitative comparison
The comparison framework decision matrix (Table 6 ), qualitative comparison (Table 5) (1) ISSFGeoGAC, (2) DFS, (3) GWS, (4) BidimSEQFIL, and (5) WFSGAC. Therefore, DFS ranked higher than GWS between the commercial PoU systems; this is especially true in relation to sub-Saharan Africa due to the shipping cost associated with GWS. ISSFGeoGAC is the best option amongst the three novel technologies though it still requires further optimization in terms of ease of use, ease of deployment and cost (all these factors are mainly dependent on system configuration and material combination). WFSGAC is least favorable due to the observed very low flow rates while BidimSEQFIL is relatively laborious.
Evaluated novel PoU technologies: potential for adoption
The novel technologies were comparatively ranked from best to least promising as shown in Figure 6 . The advantages and limitations of each evaluated low-cost and nonadvanced PoU technologies have been highlighted. ISSFGeoGAC was found to be the most promising amongst the three novel technologies. Further optimization of such a combined system might result in an efficient and userfriendly PoU technology useful to many communities and situations. The weighted scores were principally based on Table 2 definitions, comparisons in Tables 4 and 5, process and material combinations of each evaluated system, and reports by various researchers (most of which are referenced in Table 1 ) as well as the author's experience during the technology installations and application tests.
CONCLUSIONS AND RECOMMENDATIONS
ISSFGeoGAC has been identified as the most viable for adoption amongst the three novel technologies. This is because of its simple and robust design coupled with contaminant removal effectiveness, raw material availability and acceptability of its treated water. The novel technology can be adopted as is, but further improvement is suggested. Although it is difficult to choose which type of PoU technology is best for all applications due to many factors required for different situations and resource availability, this study has demonstrated that it is possible to qualitatively and quantitatively compare low-cost PoU 
